The results of numerical modeling of the process of free convective heat transfer in the regime of turbulent convection in a closed rectangular region heated by an infrared radiator are presented. The system of Navier-Stokes equations in the Boussinesq approximation is solved, the energy equation for the gas and the heat conduction equations for the enclosing vertical and horizontal walls. A comparative analysis of the heat transfer regimes in the considered region for different Grashof numbers is carried out. The features of the formation of heated air flows relative to the infrared emitter located at some distance from the upper horizontal boundary of the region are singled out.
Introduction
Despite the indisputable prospect of using gas infrared emitters (GIE) [1] to create a comfortable thermal regime in the local zones of large-sized production facilities, such heating systems are rarely used until now. This is due to the lack of methods for calculating the temperature fields in the areas of operation of the GIE, taking into account the main significant factors. Mathematical models [2] and the corresponding calculation methods are developed for the conditions for placing the radiators under consideration directly on the surface of the upper floors of the rooms, in which the heated GIE local zones are allocated. In real practice, the most efficient radiators can be displaced relative to the upper boundary of the heated area ( Figure 1 ) and as close as possible to the specific workplace (or places). When implementing this option, a significant reduction in energy costs for heating one workplace is possible. For these reasons, it is of interest to develop models [2] on the region of more complex free-convective flows corresponding to the geometry shown in Fig. 1 .
The purpose of this work is to simulate the mathematical simulation of the conjugate heat transfer in a region limited by vertical and horizontal enclosing structures of finite thickness with a gas infrared radiator that is substantially displaced vertically relative to the upper boundary of the analysis area (Fig. 1 ).
Statement of the problem and method of solution
In the formulation of the problem, it was assumed that the air in the region under consideration is transparent to the radiation by the medium, and heat transfer is due to natural convection. It is also assumed that the radiation flux generated by the GIE is completely absorbed at the lower boundary of the region. Heating of the vertical walls is carried out by the flow of streams heated at the lower boundary of the air in the Y direction. The heat sink was taken into the enclosing structures and the accumulation of energy in them. The axisymmetric problem was solved. The gas infrared emitter was a rectangle of finite thickness. Based on the experimental data, boundary conditions of the first kind were established at all boundaries of the GIE. It is established that during operation such radiators are heated up to sufficiently high temperatures (up to 250 °C), which remain constant for long periods of time.
The results of solving a group of analogous problems of conjugate heat transfer in closed regions of small dimensions with local energy sources [3] [4] [5] have shown that the formation of temperature fields in regions with walls accumulating heat is significant. Therefore, the problem of non-stationary heat transfer was solved. The thermal conductivity and convection in the gas, as well as the thermal conductivity in the enclosing structures were taken into account.
An analysis of the ranges of changes in the main characteristics and parameters of the processes under consideration, as well as the typical sizes of the regions in which GIE is possible, showed that the Gr numbers in real conditions exceed 10 10 . That is, the regimes of thermogravitational convection under the conditions under consideration are turbulent. Accordingly, the statement of the problem was carried out taking this factor into account. A k-H model of turbulence was used [5, 6 ].
Mathematical model and method of solution
In the framework of the physical formulation described above, a mathematical model is formulated that includes Reynolds averaged Navier-Stokes equations, the energy equation for the gas, and the heat conduction equations for the enclosing structures with the corresponding boundary conditions below. 
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The model constants are given as: с P = 0,09; с 1H = 1,44; с 2H = 1,92;
Initial conditions for the system of equations (1-4):
Boundary conditions at the three external borders of region solutions:
At the interfaces of solid walls and gas the following conditions are fulfilled:
On the surface of the radiator: 
For the N-H model near the solid surface the following is accepted: Fo / at L -число Фурье; а -thermal diffusivity, m 2 /s. Equations (1-6) with the corresponding initial and boundary conditions (7) (8) (9) (10) (11) are solved by the method of finite differences [7, 8] on a uniform grid. To solve the system of difference analogs of the initial nonlinear partial differential equations with nonlinear boundary conditions, the method and algorithm developed [3] [4] [5] for solving problems of thermogravitational convection in closed regions with local energy sources were used. To substantiate the reliability of the results of numerical modeling, the conservativeness of the difference scheme was estimated by a technique developed for solving nonlinear heat conduction problems [9] and developed for ignition of water-coal fuels under conditions of intense local injection of fumes into the region filled with an oxidizer [10, 11] . The analysis of thermal regimes in the quite typical region under consideration can be carried out both with respect to the distributed characteristics of the process (inhomogeneous in real practice and nonstationary temperature fields) and by the averaged ones (the temperature averages over the region at fixed instants of time). In the first case, the temperature gradients can be estimated and the maximum or minimum air temperature zones identified. In the second case (which is most often used in practice), it is possible to easily and quickly compare, by average temperature values, several heating regimes, differing by the intensity of radiation coming from the GIE or by the position of the radiators relative to the upper ceiling of the room.
Analysis of numerical simulation results
Below are the results of numerical modeling of temperature fields in the analysis area in the form of distributions 4 and mean temperature values.
In Fig. 2 and 3 show typical results of numerical simulation illustrating the main regularities of heat transfer in the heating system under consideration using gas infrared emitters.
Comparing the results of numerical studies for various Grashof numbers, it can be noted that at Gr = 10 12 , a much more intensive circulation of air currents occurs (Fig. 2) . In turn, this leads to an increase in heat transfer in the considered region, as evidenced by the mean temperatures ( Table 2 ).
An analysis of the results of numerical modeling of the processes under consideration gives grounds also for conclusions about the possible optimization of heating schemes for workplaces using infrared emitters. So, for example, it is obvious that there is a possibility of significant energy savings in the heat insulation of the air zone between the upper surface of the GIE (Figure 1 ) and the overlap. It is clearly seen that as a result of thermogravitational convection, the air masses heated up by the heat sink from the lower enclosing structure rise upward, flow around the GIE, move parallel to the upper boundary of the region, giving energy to the overlaps (then an intense heat dissipation into the atmosphere is possible), and descend along the vertical enclosing structures. Obviously, a significant part of the energy is absorbed by the slabs because the air reaches them with the highest possible temperature. In addition to the energy transmitted from the heated GIE of the lower ceiling of the room, the air masses when heated up are additionally heated when flowing around the radiator housing. (Fig. 2, 3) illustrate well that the region of the highest temperatures in a room heated by GIE is formed far beyond the working area (located near the lower overlap). In essence, to a large extent, GIE works on heating the air in the upper part of the room and the plates of the upper ceiling. At the same time, the losses of thermal energy are great. It seems reasonable to at least maximally effective thermal insulation of the upper surface of the GIE corps. A significantly greater energy saving effect can be achieved by eliminating the circulating region of hot air above the GIE casing or (at least) the thermal insulation of the plate on their lower surface. Eliminate the circulation of heated air in the upper part of the room by placing obstacles in the path of the air masses moving upwards parallel to the body of the GIE.
Conclusion
The results obtained during the solution of the problem of thermogravitational convection of air under conditions of intensive energy supply due to the operation of gas infrared radiators and heat removal into the enclosing structures are the basis for the development of methods for calculating the thermal regimes of local working zones in large-sized production rooms with heating systems based on GIE. The possible high efficiency of using such radiators for local heating of single and group work stations is shown.
The regularities of heat transfer established under the results of numerical simulation in the conditions of infrared emitters are also a basis for the development of models of the conjugate heat transfer in the part of the transition from traditional productions of computational fluid mechanics problems [3] [4] [5] to the tasks of industrial heat and power engineering and energy saving.
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